r Calcium ions regulate mitochondrial ATP production and contractile activity and thus play a pivotal role in matching energy supply and demand in cardiac muscle.
Introduction
Calcium ions regulate contractile activity as well as mitochondrial ATP production and thus play a pivotal role in matching energy supply and demand in cardiac muscle. Calcium uptake by the mitochondria has been studied to a great extent in isolated mitochondria in vitro, which lack the spatial organization of mitochondria near the calcium release units (Franzini-Armstrong, 2007; Szabadkai & Duchen, 2008; Lu et al. 2013; Dorn & Maack, 2013) . Here we used a fast ratiometric FRET-based calcium sensor (4mtD3cpv, MitoCam), genetically targeted to the mitochondrial matrix Scorzeto et al. 2013; Kaestner et al. 2014) to determine the changes in free mitochondrial calcium concentration ([Ca 2+ ] m ) in adult rat cardiomyocytes in situ.
The speed of mitochondrial calcium uptake is a matter of ongoing debate (Hüser et al. 2000; O'Rourke & Blatter, 2009) . Recent studies suggested beat-to-beat variations in the free mitochondrial calcium concentration which could be important for mitochondrial function (Maack et al. 2006; Maack & O'Rourke, 2007; Kettlewell et al. 2009; Lu et al. 2013; Boyman et al. 2014) . However, the magnitude of the changes in free mitochondrial calcium concentration have not been assessed.
To obtain insight in the mechanisms of mitochondrial calcium uptake and release, mitochondrial calcium measurements were performed at different stimulation frequency, external calcium concentration, temperature (27 and 37°C) and in the presence and absence of CGP-35157, a specific inhibitor of the mitochondrial sodium-calcium exchanger (mNCE), also known as the sodium-calcium-litium exchanger. In parallel experiments, the relation was studied between the cytosolic calcium concentration (assessed using Fura-4AM) and the mitochondrial free calcium concentration. In addition, model simulations of mitochondrial calcium handling were carried out to assess the role of mitochondrial calcium buffering.
Methods

Ethical approval
Investigations were approved by the ethics committee of the VU medical center. All procedures were in accordance with institutional guidelines.
Myocyte isolation and viral transfection
Adult Wistar rats (ß300 g; Charles River, Leiden, Netherlands) were anaesthetized by isoflurane inhalation and killed by bleeding after heart removal. Ventricular cardiomyocytes were isolated from the excised hearts by enzymatic dissociation as described previously (Kaestner et al. 2009; Fowler et al. 2015) . Freshly isolated cells were plated on laminin-coated dishes (MatTek Corporation, Ashland, MA, USA) for 1 h before transfection in M199 medium (PAA Laboratories, Pasching, Austria) supplemented with 100 μg ml −1 penicillin and 100 μg ml −1 streptomycin (P/S), 5% Fetal Bovine Serum (FBS) and 0.2% Insulin Transferrin Selenium (ITS). The 4mtD3cpv cameleon (MitoCam) plasmid targeted to the mitochondrial matrix via a targeting sequence, derived from subunit VIII of human cytochrome c oxidase (COX), and replicated 4 times (Filippin et al. 2005) in pcDNA3 (kindly donated by Dr R. Y. Tsien, University of California, San Diego, CA, USA) was incorporated in adenovirus serotype 5 using the XL AdEasy Adenoviral Vector System (Stratgene, La Jolla, CA, USA).
Adenoviral-mediated 4mtD3cpv gene transduction was carried out by infection for 2 h at a multiplicity of approximately 500 virus particles per cell. Infected cells were kept in culture in M199 medium supplemented with P/S, ITS (0.2%) and a low concentration of cytochalasin D (0.5 μM) obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands). Measurements were performed between 40 and 60 h after the start of infection. Previous studies indicate that cardiac remodelling is largely prevented under these experimental conditions (Tian et al. 2012) .
Intramitochondrial free Ca 2+ concentration measurements
Measurements of the free Ca 2+ concentration inside the mitochondrial matrix ([Ca 2+ ] m ) were carried out using a fluorescence photometry setup (IonOptix Corp., Milton, MA, USA) on the stage of an inverted fluorescence microscope (AE31; Motic, Richmond, BC, Canada) equipped with a ×63 oil immersion objective (Plan Apochromat, NA 1.4, Zeiss, Sliedrecht, the Netherlands). A 75 W xenon lamp (USHIO, Tokyo, Japan), set to 65 W, and filtered at 436 nm (bandwidth 20 nm) was used for illumination. A rectangular mask was used to select light emitted from the cardiomyocyte. Filters and dichroic mirrors were purchased from Chroma Technology (Brattleboro, VT, USA) unless indicated otherwise. Emitted light was passed through a long-pass dichroic mirror with a cut-off frequency of 455 nm (T455LP). A dichroic mirror (585 nm long-pass; 585DCXR) was used to separate the fluorescence light from the red filtered light used for transmission illumination. An image of the cell was displayed on a CCD camera (MyoCam-S, IonOptix) and sarcomere length within a selected region was determined at a rate of 250 s −1 via spatial fast Fourier transform. Emitted light with a wavelength of 485 nm (cyan fluorescent protein, CFP) and 535 nm (yellow fluorescent protein, YFP) was selected with a dichroic mirror (510 nm long-pass; T510lprxt) and filters (480/30X (262833) for CFP and ET540/40M (287814) for YFP) and detected with two identical photomultiplier tubes (PMT; H7360-02MOD; Hamamatsu Photonics, Hamamatsu, Japan) at a sampling frequency of 250 Hz. A neutral density filter (attenuation 50% or more) was inserted into the light path to avoid saturation and to reduce bleaching. Background intensities were determined from an adjacent empty region in the dish by moving the cardiomyocytes out of the field of view. The YFP/CFP ratio (R) was calculated after subtraction of the background intensities. A computer program (IonWizard, IonOptix) was used for data acquisition and analysis. Ensemble averaging and digital filtering was used when appropriate, and is indicated in the figure legends.
Subcellular localization of the mitochondrial calcium probe
Mitochondria were localized by application of 0.2 μM MitoTracker Red FM (M22425, Invitrogen, Breda, Netherlands) for at least 20 min using confocal scanning laser microscopy on a Leica TCS SP8 3X (Leica Microsystems, Mannheim, Germany). Mitochondria containing MitoCam and MitoTracker Red were visualized using a pulsed excitation white light laser (max. 10% laser power) at 495 nm and 580 nm, respectively. Fluorescence signals were detected using Hybrid Detectors (Leica Microsystems) at 535 nm (MitoCam) and 645 nm (MitoTracker Red). Images were acquired using a ×40 oil objective (Leica Microsystems, NA 1.3). Standard image acquisition protocols included 3-D stacks of multiple cardiomyocytes. Finally, images were deconvolved using Huygens Professional software (Scientific Volume Imaging, Hilversum, the Netherlands).
Calibration of the mitochondrial calcium sensor
Calibration of the intramitochondrial Ca 2+ sensor (4mtD3cpv, MitoCam) was performed using a simplified version of a protocol described previously (Haviland et al. 2014) . Cardiomyocytes were incubated in Tyrode solution (in mM): Hepes (20), KCl (140), MgCl 2 (1.51), KH 2 PO 4 (0.5), set at pH = 8.0 with KOH, and 5 mM BAPTA (Sigma). The pH of the solution was adjusted to 8.0 to mimic the mitochondrial pH. Ionomycin (5 μM) was added to determine the minimum in the YFP/CFP ratio (R min ). Small volumes of CaCl 2 (100 mM stock) were added until the maximum value (R max ) was reached. The free Ca 2+ concentration of the BAPTA-buffered solution was determined using a custom-made computer program described previously (Papp et al. 2002) . The equation
1/h was used to estimate the free [Ca 2+ ] m , in which K d is the apparent dissociation constant and h a measure of the steepness of the relation .
Cytosolic Ca 2+ measurements
Untransfected cardiomyocytes kept in culture for 2 days were loaded with 1 μM Fura-4 acetoxymethyl ester (Fura-4AM; Life Technologies, Bleiswijk, the Netherlands) in Tyrode solution for 15 min at room temperature. Thereafter cells were washed and left for de-esterification for 15 min. Cytosolic Ca 2+ signals were recorded using a dual-beam excitation fluorescence photometry setup (IonOptix) equipped with an UV-enhanced ×40 objective (UApo/340, Olympus, Zouterwoude, the Netherlands). A HyperSwitch (IonOptix) was used for rapid wavelength switching between 340 and 380 nm at 250 Hz. Excitation was measured at 510 nm. After background correction, the F340/F380 ratio was used as a measure of cytosolic Ca 2+ concentration. An image of the cell was displayed on a CCD camera (MyoCam-S, IonOptix) and sarcomere length was determined via spatial fast Fourier transform at 250 Hz. Ensemble averaged transients were used in the analysis.
Experimental protocols
Experiments were performed in a temperature-controlled MatTek dish at 37°C (unless noted otherwise) equipped with platinum stimulation electrodes, filled with 5 ml of normal Tyrode solution containing (in mM): NaCl (133.5), KCl (5), MgSO 4 (1.2), Hepes (10), glucose (11.1) and CaCl 2 (1.8-3.6) (pH 7.4). Bipolar pulses (duration: 4 or 14 ms, amplitude: 10-40 V, frequency: 0.1-4 Hz) were used for electrical field stimulation. The free calcium concentrations at baseline in quiescent cells at the beginning of the experiments were derived from the YFP/CFP intensity ratio (R), after subtraction of the background intensities.
Effect of stimulation frequency. The measurements to determine the frequency dependence of the mitochondrial calcium transients were started by measuring either mitochondrial or cytosolic [Ca 2+ ] and sarcomere length at 0.1 Hz stimulation for 5 min (30 contractions). Thereafter measurements were performed at 1, 2 and 4 Hz for 60 s. Each stimulation period was followed by a period of rest of 2 min. The experimental sequence was concluded with a control measurement at 1 Hz. The results were discarded when contractions became irregular during the experimental run. 
Statistical analysis
Statistical comparisons were made using Student's t test and one-or two-way ANOVA, with Tukey post hoc tests, where appropriate. The level of significance was set at P < 0.05. Values are presented as mean ± SEM (n = number of cells). The ranges of the estimate of the calibrated free mitochondrial calcium concentration were derived from the R -SEM and the R + SEM values, in which R represents the YFP/CFP ratio after background subtraction.
Results
Targeting of MitoCam to the mitochondria
Images of a rat cardiomyocyte expressing MitoCam are shown in Fig. 1A -D. MitoCam fluorescence shows the typical mitochondrial pattern overlapping (Fig. 1E) with fluorescence of the mitochondrial marker MitoTracker Red. Twenty-four hours after transfection, MitoCam expression was present in almost all cells but considerable differences were observed between cells. After 48 h in culture mean fluorescence intensity almost doubled and the differences in expression between cells were smaller.
Temporal relation between mitochondrial and cytosolic calcium transients and sarcomere shortening
The temporal relation between the changes in sarcomere length and the cytosolic and mitochondrial calcium transients is illustrated in Fig. 1F -H. During stimulation at 0.1 Hz, rapid decreases in sarcomere length and increases in cytosolic [Ca 2+ ] occurred which returned to baseline within 0.5 s. In contrast, [Ca 2+ ] m increased rapidly with a rise time from 10 to 90% of the peak value (t 10-90% ) of 49 ± 2 ms and a time to peak (t p ) of 106 ± 4 ms, but decayed much more slowly with a half time (t 50% , measured from the start of stimulation) of 1.17 ± 0.07 s (n = 59). 
Ratiometric properties of the FRET-based indicator
An example of the sarcomere length, the changes in YFP and CFP intensity and the YFP/CFP ratio in the absence and presence of a high concentration of the mechanical uncoupler cytochalasin D is shown in Fig. 2 . It can be seen that, as expected, the YPF (acceptor) and CFP (donor) intensities change in opposite directions. This figure also demonstrates that the ratiometric properties of this FRET-based indicator largely eliminate the effects of intensity fluctuation of the incident light and motion artifacts.
Calibration of MitoCam and estimation of the baseline calcium concentration in quiescent cardiomyocytes
Calibration of MitoCam was performed as described in Methods. The results obtained in six different unstimulated cells are illustrated in Fig. 3A . The relation
h was fitted to the averaged data points, with R min = 1.32 ± 0.05, R max = 2.43 ± 0.15, K d = 1.77 ± 0.36 μM and h = 0.60 ± 0.08. The average YFP/CFP ratio in these experiments in quiescent cardiomyocytes at baseline (in 1.8 mM external calcium) amounted to 1.47 ± 0.04, which corresponded to 79 nM (range: 44-127 nM).
In additional experiments on six cells, we followed the protocol of Haviland et al. (2014) . In these experiments saponin (50 μg ml −1 ; 2 min) was applied to permeabilize the cells, ionomycin (5 μM) was used as calcium ionophore, thapsigargin (5 μM) was used to inhibit Ca 2+ uptake by the sarcoplasmic reticulum, and FCCP (5 μM) and oligomycin (1 μM) were used to uncouple the mitochondria. In these experiments R min = 1.37 ± 0.03, R max = 2.25 ± 0.17, K d = 0.47 ± 0.10 μM and h = 0.55 ± 0.09. The net effect of the difference between the two methods is rather small. Using the protocol of Haviland et al., the YFP/CFP ratio at baseline in Tyrode 
h was fitted to the averaged data points, with R min = 1.32 ± 0.05, R max = 2.43 ± 0.15, K d = 1.77 ± 0.36 µM and h = 0.60 ± 0.08. The mean YFP/CFP ratio in these experiments in quiescent cardiomyocytes at baseline (in 1.8 mM external calcium) amounted to 1.47 ± 0.04, which corresponded to 79 nM (range: 44-127 nM). B, average results (n = 3) illustrating the changes in autofluorescence in the YFP and CFP channels measured in quiescent cells.
solution with 1.8 mM Ca 2+ was very similar to R min , whereas the ratio in washing Tyrode solution with 0 Ca 2+ was less than R min . Since this was not the case in our protocol we prefer to use the estimates calculated on the basis of our simplified calibration protocol. It should be noted, however, that given the relatively large impact of uncertainties in the parameter and baseline values, our estimates of the mitochondrial calcium concentration and the changes thereof are rather crude.
Influence of autofluorescence and effects of bleaching
The effects of autofluorescence of the cardiomyocytes at the excitation and emission wavelengths used for the mitochondrial calcium measurements were assessed in untransfected cells kept in culture for 2 days. Bleaching of the autofluorescence signal in the CFP channel occurred more rapidly than that in the YFP channel (Fig. 3B ). Using a neutral density filter with 50% attenuation, the averaged intensities at the YFP and CFP wavelengths (corrected for background intensity) at the start of the measurements amounted to 703 ± 292 and 602 ± 286 units (n = 3). Corresponding values of the initial values in transfected cells, i.e. the sum of probe and autofluorescence signals, were: 5842 ± 287 units for YFP and 4569 ± 218 units for CFP (n = 44). Time control experiments performed in quiescent cells (n = 4) showed that the YFP/CFP ratio increased during an illumination period of 1000 s by 4.8 ± 1.6%. These results indicate that the influence of autofluorescence and bleaching in the mitochondrial calcium measurements is small.
A minor positive correlation was observed between the YFP intensity level at baseline (which is a surrogate marker of the expression level of the probe) and the amplitude of the mitochondrial calcium transients. This trend could well be explained by the influence of autofluorescence, and is opposite to an effect of calcium buffering of the probe inside the mitochondrial matrix. We therefore expect that, at the expression levels used, the buffering capacity of MitoCam is small in comparison to the capacity of the intrinsic calcium buffers inside the mitochondrial matrix.
Temperature dependence of the time course of the mitochondrial calcium transients
In part of the experiments a comparison was made between the time course of the mitochondrial calcium transients elicited at 0.1 Hz at 27°C and 37°C. At 27°C the rise time (t 10-90% ) amounted to 64 ± 4 ms and the decay half time (t 50% ) to 1.54 ± 0.16 s (n = 11). Corresponding values in parallel experiments at 37°C were 62 ± 9 ms and 1.46 ± 0.19 s (n = 7), i.e. not significantly different from those at 27°C. Fig. 4B ). Figure 4E shows the averaged responses of the 0.1 Hz recordings and illustrates the determination of t 10-90% . The main characteristics of the [Ca 2+ ] m transients at different stimulation frequencies are summarized in Fig. 4F-I . The initial baseline determined before the start of the train of stimuli tended to increase (Fig. 4F ). This effect, however, was not significant in the average data. Additional experiments in which the recovery period of rest after 4 Hz stimulation was increased suggested the presence of a small and very slow recovery phase lasting more than 10-20 min.
Calcium accumulation during the stimulation intervals ( R) increased significantly with stimulation frequency (Fig. 4G) . Moreover, rise time (t 10-90% ) and time to peak decreased from 46 ± 4 ms and 94 ± 4 ms at 0.1 Hz (n = 16) to 20 ± 3 ms and 53 ± 5 ms at 4 Hz (n = 9) (Fig. 4H) . The amplitude of the [Ca 2+ ] m transients significantly decreased with stimulation frequency (Fig. 4I) . Figure 4J indicates that recovery was slow (at 0.1 Hz the decay half time, t 50% , amounted to 1.18 ± 0.16 s (n = 16)). The decay half time was inversely related to stimulation frequency. This was as expected because the duration of the decay phase depended on the duration of the stimulus interval. Resting sarcomere length remained constant during the experimental run. The amplitude of sarcomere shortening at different stimulation frequency is shown in Fig. 4K .
The initial level of the YFP/CFP ratio measured in quiescent cells (cf. Fig. 4B ) corresponded, on the basis of calibration experiments (Fig. 3A) , to an average [Ca 2+ ] m of 79 nM (range: 27-141 nM). The maximum diastolic calcium concentration determined at the end of the train of stimuli at 4 Hz amounted to 0.80 μM (range: 0.21-2.41 μM) and the maximum systolic calcium concentration reached at 4 Hz corresponded to 0.89 μM (range: 0.23-2.79 μM). An overview of the estimated calcium levels, ranges and the number of cells studied at different stimulation frequencies is given in Table 1 .
Effect of β-adrenergic stimulation of mitochondrial calcium handling
Mitochondrial calcium uptake could be important to match ATP supply and demand during increases in cardiac workload. These are, under physiological conditions, mediated by β-adrenergic stimulation. Since mitochondrial calcium uptake depends to a large extent on release of calcium from the sarcoplasmic reticulum (SR), and β-adrenergic stimulation has a strong impact on the rate and net amount of release of calcium from the SR, we tested the effects of 100 nM isoprenaline (isoproterenol). In these experiments the free [Ca 2+ ] m increased but the cells became unstable and the contractions became irregular, especially at higher, near physiological, stimulation frequencies. This feature is prominent in rat cardiac myocytes (see e.g. Bovo et al. 2016; Lu et al. 2016) . In two additional experiments, we tested the effect of increasing doses of isoprenaline at rest and during 0.1 Hz stimulation (baseline and 10, 18, 24.2, 29.4, 33.5 and 40.1 nM incubated for 5 min). One cell became unstable at 29.4 nM and the other one at 40.1 nM. At threshold isoprenaline concentrations a 5-10% increase in the basal YFP/CFP ratio was observed and no conspicuous alterations in the kinetics of the mitochondrial calcium transients were observed.
Simulation of the mitochondrial calcium transients
To facilitate quantitative interpretation of the time dependence of mitochondrial calcium handling we simulated the mitochondrial calcium transient using the model described in the Appendix ( Figure. A1 ). It can be seen that there is good agreement between the experimental results and model calculations at stimulation frequencies of 0.1 and 1 Hz (Fig. 5) using the parameter values shown in Table 2 . It appeared that the literature value for the K d of the mitochondrial calcium uniporter (MCU; 10 Mallilankaraman et al. (2012) yielded a satisfactory fit to the data at 0.1 Hz, but the value given in Table 2 (3 × 10 −5 M −1 ) yielded a better fit to the rise in mitochondrial calcium at 1 Hz.
The total mitochondrial calcium buffer concentration used yields a ratio of free:bound calcium of 1:250 in quiescent cells, which is consistent with an estimate of 1:100 of (Lu et al. 2013) . Larger buffer concentrations also yielded a satisfactory fit to the data at 0.1 Hz, but the rise in mitochondrial calcium at 1 Hz appeared to be more pronounced. This is illustrated in Fig. 6 where mitochondrial calcium transients as well as the corresponding fluxes via the mNCE (J mNCE ) are shown for a mitochondrial buffer concentration B tot of 2 μM and 20 μM. Initial, end-diastolic and peak systolic free mitochondrial calcium concentration (in μM) with ranges calculated from the YFP/CFP ratios as indicated in Methods. The initial YFP/CFP ratios of the frequency series were corrected for changes in baseline during the experimental run. The end-diastolic values in the External calcium series and CGP-37157 series were the same as the initial values. The magnitude of mitochondrial calcium transients and the effects of stimulation frequency and external calcium concentrations did not depend on the initial YFP/CFP ratio at baseline. In the calculation of the mean free mitochondrial calcium concentration of the different experimental groups at baseline we therefore assume that the initial YFP/CFP ratio corresponds to the free mitochondrial calcium concentration at baseline observed in the calibration experiments, i.e. 79 nM (see Fig. 3 ).
stimulation at 1.8 and 3.6 mM [Ca 2+ ] o are shown in Fig. 7A and B. The [Ca 2+ ] m at baseline at 3.6 mM was larger than at 1.8 mM [Ca 2+ ] o . To study the time course of the development of the increase in baseline, measurements were performed at different times after a sudden increase from 1.8 to 3.6 mM [Ca 2+ ] o (Fig. 7C) (Fig. 7D) , whereas the amplitude of the [Ca 2+ ] m transient (Fig. 7E) 
Inhibition of the mitochondrial sodium-calcium exchanger
Inhibition of the mitochondrial sodium-calcium exchanger by CGP-37157 (CGP) had no effect on sarcomere shortening (Fig. 8A ) but resulted in a significant dose-dependent rise in [Ca 2+ ] m at baseline ( Fig. 8B and  C) . The amplitude of the mitochondrial calcium transients remained the same (Fig. 8D) . A decrease in rise time of the mitochondrial calcium transient was observed, both at 1 and at 4 μM CGP (Fig. 8E) . Paradoxically a decrease in the decay half time of [Ca 2+ ] m was observed (Fig. 8F) . The end-diastolic and peak systolic calcium concentrations reached at 0.1 Hz without CGP amounted to 116 and 512 nM, respectively (at 2.4 mM [Ca 2+ ] o ). At 4 μM CGP the corresponding values amounted to 0.33 and 1.13 μM. A complete overview is given in Table 1 .
In order to investigate the effects of CGP we concentrated on the decay at 0.1 Hz because this enabled us to examine the almost complete recovery phase. In three cells we studied the effect of 1 μM CGP at 1 Hz stimulation (while in one of these cells results were also obtained at 2 and 4 Hz). The data at 1 Hz can be compared with those obtained in 11 cells at 2.4 mM external calcium J Physiol 595.6 concentration without CGP. The decay half time without CGP amounted to 276 ± 27 ms, and in the presence of 1 μM CGP to 240 ± 42 ms (P = 0.52). This suggests that the acceleration of the decay observed at 0.1 Hz is also visible as a trend at 1 Hz.
Frequency and external calcium dependence of cytosolic calcium transients
Cytosolic calcium transients were recorded in untransfected cardiomyocytes after 2 days in culture using Fura-4AM. An overview of the results obtained at different stimulation frequencies and at different external [Ca 2+ ] o is shown in Figs 9 and 10. The rise time of the cytosolic calcium transients (10-15 ms) was smaller than that of the mitochondrial transients. However, at 4 Hz, the difference in rise time became rather small (ß5 ms). The cytosolic free calcium concentration at rest at 3.6 mM [Ca 2+ ] o was larger than at 1.8 mM [Ca 2+ ] o . However, the level reached was below the calcium levels reached during systole, because sarcomere length during diastole remained unaltered (Fig. 10A) .
Discussion
The main results of this study are as follows. (1) ] m at baseline depended on the cytosolic calcium concentration during diastole. At 1.8 mM external calcium concentration the free calcium concentrations in the cytosol and mitochondria were similar (ß70-100 nM), but at 3.0 and 3.6 mM external calcium [Ca 2+ ] m at baseline appeared to be larger than the cytosolic calcium concentration reached during systole. (3) The half time of the mitochondrial calcium release did not increase when the activity of the mNCE was inhibited by CGP-37157. This suggests that mitochondrial calcium release was not solely determined by the activity of the mNCE. 
Rapid mitochondrial calcium uptake and coupling between cytosolic and mitochondrial calcium concentrations
The uptake of Ca 2+ by mitochondria in cardiac muscle is considered to take place via the MCU, which is in close proximity to the calcium release units. The activity of the MCU is controlled by two gatekeepers, MICU1 and MICU2 (Finkel et al. 2015) . Mitochondrial calcium uptake takes place despite the relatively low calcium affinity of the MCU (K m 10-20 μM) (Denton & McCormack, 1985; Gunter & Pfeiffer, 1990) , because the local calcium concentration in the microdomain near the MCU reaches larger values than the overall cytosolic calcium concentration (Szalai et al. 2000; Bers, 2002; Lu et al. 2013; Kohlhaas & Maack, 2013) .
Our measurements indicate that calcium uptake by mitochondria is indeed very fast. The increase in mitochondrial Ca 2+ upon electrical stimulation in a quiescent cardiomyocyte took place with a rise time (t 10-90% ) of 46 ± 4 ms and a time to peak of 94 ± 4 ms. During steady-state stimulation at 4 Hz, which resembles the in vivo situation, Ca 2+ uptake is even two times faster. These results are in qualitative agreement with studies using Rhod-2, Mitycam and Mitycam-E31Q (Maack et al. 2006; Liu & O'Rourke, 2008; Kettlewell et al. 2009; Haviland et al. 2014; Lu et al. 2016) . To allow a more direct comparison, we converted the ratio values in Fig. 4 into calcium concentration on the basis of the calibration shown in Fig. 3A , and fitted the decay from the maximum values attained with a single exponential. It appeared that the mean rate of decay (±SEM) increased with stimulation frequency from 0.464 ± 0.003 s −1 at 0.1 Hz to 8.0 ± 1.5 s −1 at 4 Hz. The value at 1 Hz (3.13 ± 0.11 s −1 ) corresponds to a time constant (τ) of 320 ms, which is larger than the time constant determined from uncalibrated Rhod-2 signals in cardiomyocytes from guinea pig in the presence of 100 nM isoprenaline (τ 90 ms) (Maack et al. 2006) .
It should be noted, however, that the probe, MitoCam, used in this study has distinct advantages in comparison to both Rhod-2 and Mitycam. Rhod-2 is mainly used in combination with patch-clamp and voltage-clamp techniques because this makes it possible to dialyse Rhod-2 out of the cytosolic compartment. This dialysis is required to avoid the interference of calcium signals associated with the cytosolic calcium transient, but has the disadvantage that calcium buffering in the cytosolic compartment is altered and the effects of cytosolic factors, such as spermine (Ventura et al. 1994) , that influence cytosolic calcium handling are washed out. Mitycam, an inverse pericam, has the disadvantage that it not a ratiometric probe and thus is sensitive to movement. It also has an approximately 10 times smaller apparent K d than MitoCam (Lu et al. 2013) , which makes it more sensitive J Physiol 595.6 at low free mitochondrial calcium concentrations but less sensitive at the calcium concentrations reached at physiological stimulation frequencies.
It has been proposed that the mitochondrial calcium uptake is species dependent because mitochondrial transients were observed in guinea pig cardiomyocytes but not in rat cardiac myocytes (Griffiths, 1999) . Certainly species differences may exist but our measurements indicate that rapid uptake of calcium in the mitochondria also occurs in rat cardiomyocytes.
The rise time of the mitochondrial calcium transient decreased from 46 ms at low stimulation frequency (0.1 Hz) to 20 ms at high stimulation frequency (4 Hz). Interestingly the amount of calcium taken up during this period is also halved (Table 1 ). Our measurements indicate that these values are larger than the rise times of the overall cytosolic calcium transient (12 ms at 0.1 Hz and 15 ms at 4 Hz) measured under similar experimental conditions. The kinetics of cellular calcium handling are therefore consistent with an ongoing uptake of calcium via the MCU during the decline of the cytosolic calcium transient until a local equilibrium in the free calcium concentration (across the MCU) is established or the uniporter effectively is closed.
Our experiments in which the external calcium concentration was increased showed that [Ca 2+ ] m increased on a relatively slow time scale (ß10 min). Measurements of the cytosolic calcium concentration indicated that the resting diastolic calcium concentrations increased as well. These measurements are in agreement with previous observations of a tight correlation between the cytosolic and mitochondrial calcium levels (Maack et al. 2006 ] m amounted to 0.88 μM, which is well above the peak systolic cytosolic calcium level (ß0.5 μM).
The results of Andrienko et al. (2009) >475 nM, the mitochondrial calcium concentration is larger than the cytosolic calcium concentration. In our experiments free [Ca 2+ ] m at 3.0 mM external [Ca 2+ ] (ß922 nM) was considerably larger than at 2.4 mM external [Ca 2+ ]. Although these results are in qualitative agreement with our findings, it remains to be established whether the quantitative differences between the two studies result from experimental differences (e.g. permeabilized vs. intact cells; room temperature vs. 37°C).
Mitochondrial calcium release is not solely determined by the activity of the mNCE
Our experiments at 0.1 Hz stimulation show the almost complete time course of mitochondrial calcium . The free mitochondrial calcium concentrations at baseline at 3.0 and 3.6 mM were significantly larger than at 1.8 mM.
C, the rise in free mitochondrial calcium concentration upon an abrupt change in [Ca 2+ ] o from 1.8 to 3.6 mM was time dependent (n = 4; all mean values P < 0.05 vs. t = 0 s; slope significantly larger than 0, P = 0.0001). In agreement with previous studies it was found that the baseline of [Ca 2+ ] m increased by adding the specific mNCE inhibitor CGP-37157 (Liu & O'Rourke, 2008) . Our measurements indicated that the increase in baseline depended on the CGP-37157 concentration used, which is consistent with published EC 50 values (Cox et al. 1993) , and suggests that the mNCE under our experimental conditions is not completely blocked.
To our surprise, the decay half time of the [Ca 2+ ] m transient during 0.1 Hz stimulation was not increased in the presence of CGP-37157, but instead was slightly decreased. Wei et al. (2012) observed that CGP-37157 did not have a substantial effect on the initial slow decay of [Ca 2+ ] m . In contrast, during 3 Hz stimulation in the presence of 0.1 μM isoprenaline, a slowing of the mitochondrial calcium restitution was observed (Maack et al. 2006) . However, in the presence of isoprenaline the cytosolic calcium concentration was markedly elevated and the amplitude of the cytosolic calcium transient in the presence of 1 μM CGP-37157 was smaller than in the absence of CGP-37157.
Our experiments thus suggest that mitochondrial calcium release is not solely determined by the activity of the mNCE. It remains an intriguing question whether calcium release in cardiac mitochondria under physiological conditions could take place via the opening of the mitochondrial permeability transition pore (MPTP) (Bernardi, 2013) . However, a recent study indicated that the transient MPTP openings occurred rather infrequently (1 in 3-83 h) (Lu et al. 2016) . Experiments in the presence of the MPTP inhibitor cyclosporine A (0.5 or 1 μM; not shown) were inconclusive because the contractions became irregular.
It can be noted that the increase in the speed of recovery of the mitochondrial calcium transient in the presence of CGP-37157 was similar to the increase observed when the extracellular calcium concentration was increased from 1.8 to 3.6 mM and that comparable increases in [Ca 2+ ] m at baseline occurred. Therefore we propose that the prevailing effect of mNCE inhibition is an increase in the [Ca 2+ ] m at baseline. The increase in speed rather than the expected decrease could be a side effect of the increase in [Ca 2+ ] m at baseline and reflects an alteration in intracellular ion homeostasis in the presence of CGP-37157.
To address this issue in more detail we converted the YFP/CFP ratios in Figs 4, 7 and 8 into calcium concentration, using the calibration curve shown in Fig. 3A, and plotted ] m vary in a linear fashion. This suggests that the activity of the transporter involved depends on the calcium gradient between the cytosol and the mitochondrial matrix. A linear dependency was also observed in the 0.1 Hz recordings at 1.8, 2.4 and 3.6 mM external calcium and in the presence of 1 μM CGP-37157, but marked differences in the intercepts of the relations were found, suggestive of concomitantly occurring alterations in the pH-and/or Na + -gradient between cytosol and mitochondria.
Our experiments performed at 27°C showed that the decay half time was similar to the value observed at 37°C. This suggests that a non-enzymatic process could be involved in mitochondrial calcium extrusion. It is well established that the [Ca 2+ ] m inside the matrix is buffered by inorganic (poly)phosphate(s) (Wei et al. 2012; Smithen et al. 2013) . Therefore it is possible that the speed of mitochondrial Ca 2+ extrusion is not only determined by the activity of the mNCE but also by the off-rate of Ca 2+ from the putative mitochondrial calcium buffer(s). The role of phosphate buffering has recently been studied in isolated cardiac mitochondria (Wei et al. 2012 ] m under physiological conditions would be mainly sensitive to the low calcium buffering system. Accordingly, the very slow phase of recovery after 4 Hz stimulation lasting 10-30 min we observed could be the result of slow release of calcium from calcium phosphate complexes.
Simulation of the mitochondrial calcium concentration
A two-compartment model was used to simulate the mitochondrial calcium transients as described by Lederer and coworkers ) in which the model formulations for the mNCE of Dash & Beard (2008) are used. In our calculations, cooperative properties of the MCU (Mallilankaraman et al. 2012) and the kinetics of an intramitochondrial calcium buffer were taken into account. Good agreement between the experimental results and model calculations at stimulation frequencies of 0.1 and 1 Hz (Fig. 5) was obtained using the parameter values shown in Table 2 . However, it should be noted that possible changes in mitochondrial [Na + ], pH and the mitochondrial membrane potential difference ( m ) are not taken into account and that this model contains parameter values derived from in vitro studies on isolated mitochondria.
Our simulations indicate that the Ca 2+ buffer capacity is an influential parameter shaping the time course of the mitochondrial calcium transients (Fig. 6) . The optimal value obtained amounted to 2 μM, which is consistent -as discussed above -with observations in isolated mitochondria (Wei et al. 2012) . The Ca 2+ buffer capacity is very relevant in a discussion on the influence of Ca 2+ uptake by the mitochondria on the amplitude of the cytosolic Ca 2+ transient (Sedova et al. 2006; Maack et al. 2006; Drago et al. 2012 (Bers, 2002) . Therefore our estimates indicate that under normal physiological conditions the fraction of cytosolic calcium taken up by mitochondria would correspond to 8%.
Conclusions and implications
Our experiments in which the external calcium concentration and stimulation frequency were varied and our model calculations indicate that an increase in mitochondrial calcium concentration at baseline as well as rapid mitochondrial calcium uptake on a beat-to-beat basis allows for adjustment of cardiac ATP production to increases in demand. Calcium uptake by the mitochondria plays an important role in the regulation of ATP production (Glancy & Balaban, 2012; Williams et al. 2013) . This notion is supported by the experiments in which the effects of isoprenaline were studied. It appeared that a rather low dose of isoprenaline (24-34 nM) caused an increase in the free mitochondrial calcium concentration at baseline. The activity of dehydrogenase in the Krebs cycle determines amongst others the supply of substrates for the electron transport system and the activity of ATP synthase (F 1 F 0 -ATPase). This regulation is considered to be very important for matching energy supply and demand, for instance upon changes in heart rate . The activity of several substrate transporters and dehydrogenases in the Krebs cycle is sensitive to changes in mitochondrial calcium concentration (e.g. Jouaville et al. 1999; Cortassa et al. 2009; Glancy & Balaban, 2012) . However, further research is warranted to establish whether these processes are fast enough to allow a matching of energy supply and demand by the mitochondria during a single heart beat.
An intriguing observation was the lack of an increase in the decay half time of the free mitochondrial calcium concentration upon inhibition of the mNCE. Our experiments suggest that mitochondrial calcium extrusion via the mNCE is important in determining the free mitochondrial calcium concentration at baseline. Under physiological conditions in vivo the free mitochondrial calcium concentration appeared to be controlled by the low calcium buffering system. Mitochondrial calcium release thus depends on mNCE activity as well as mitochondrial calcium buffering. It is unclear, however, whether the intricate dynamics of the mitochondrial calcium buffering system(s) are sufficient to explain mitochondrial calcium release or additional fast calcium extrusion mechanisms are present.
Our measurements suggest that under physiological conditions the fraction of cytosolic calcium taken up by mitochondria is relatively small. However, an increase in cytosolic calcium concentration caused a marked increase in the mitochondrial calcium concentration at baseline. This indicates that mitochondrial calcium handling may gain importance under pathophysiological conditions such as ischaemia and reperfusion, which result in calcium overload of the cardiomyocyte. At t = 0 s, the system is in steady state and eqns (A2) and (A3) both equal 0 and the calcium fluxes via the MCU and mNCE are in equilibrium. Therefore J MCU (0) − J mNCE (0) from eqns (A4) and (A5) defines J offset . [Ca 2+ ] m,tot (0) can be calculated from eqn (A3). The calculations were performed in MATLAB (The MathWorks Inc.) using the ode23s solver.
